Small non-coding RNAs (ncRNAs) are emerging as important molecules for normal biological processes and are deregulated in disease. Exercise training is a powerful therapeutic strategy that prevents cardiometabolic disease and improves cardiorespiratory fitness and performance. Despite the known systemic health benefits of exercise training, the underlying molecular mechanisms are incompletely understood. Recent evidence suggests a role for epigenetic mechanisms, such as microRNAs, but whether other small ncRNAs are modulated by chronic exercise training is unknown. Here, we used small RNA sequencing to explore whether sprint interval training (SIT) controls the abundance of circulating small ncRNAs in human whole blood samples. Ten healthy men performed SIT three times a week for 6 weeks. After training, subjects showed marked improvements in maximal oxygen consumption and cycling performance with concurrent changes to the abundance of diverse species of circulating small ncRNAs (n = 1266 small ncRNAs, n = 13 microRNAs, q < 0.05). Twelve microRNAs altered by 6 weeks of SIT were ubiquitously expressed microRNAs and two regulated important signaling pathways, including p53, thyroid hormone and cell cycle signaling. MicroRNAs altered by 6 weeks of SIT were unchanged after a single session of SIT (n = 24, all P > 0.05). Relative to older individuals, younger subjects exhibited an increased acute SIT-induced fold change in miR-1301-3p (P = 0.02) -a microRNA predicted to target mRNAs involved in alternative splicing, phosphoprotein and chromosomal rearrangement processes (all P < 0.001). Our findings indicate many species of circulating small ncRNAs are modulated by exercise training and that they could control signaling pathways responsible for health benefits achieved from exercise.
Introduction
Exercise training is a powerful lifestyle factor that prevents, controls the symptoms, and regresses the severity of many age-related diseases. Despite the known systemic health benefits elicited by routine exercise, the precise signaling pathways are poorly understood. The adaptations to exercise training involve genetic variants and recent evidence has implicated the role of epigenetic modifications (Denham 2017) . These modifications include DNA methylation, histone protein modifications, and the regulation of microRNAs (miRNAs) (Denham 2017 ). The latter are a particular species of small, non-coding RNAs (ncRNAs) that control gene expression through post-transcriptional mechanisms or orchestrating conformational changes to chromatin.
Small ncRNAs are crucial for normal biological processes and become aberrantly expressed in diseases, such as cancer and atherosclerosis (Esteller 2011; Martens-Uzunova et al. 2013) . There are many species of small RNAs, though their precise roles are incompletely understood. However, some are involved in RNA processing, hypoxic pathways, apoptosis, immune-regulation, and transcriptional programming (Martens-Uzunova et al. 2013; Raina and Ibba 2014; Atianand et al. 2016) . Circulating small ncRNAs, such as miRNAs, are responsible for intercellular signaling (Turchinovich et al. 2013; Guay and Regazzi 2017) and could control the holistic health benefits conferred by exercise training, as they are stably transported through the vasculature. For these reasons, miRNAs are proposed biomarkers of diseases and small RNA-based therapies are showing promise in clinical settings (Barata et al. 2016; Byron et al. 2016) . Many miRNAs are implicated in various exercise-induced adaptations (e.g., physiological cardiac hypertrophy, mitochondrial biogenesis, insulin sensitivity) (Polakovicova et al. 2016; Denham 2017 ), yet whether chronic exercise training influences other species of small ncRNAs is currently unknown.
Recently, the acute exercise-induced changes to small RNA molecules isolated from human plasma were revealed (Shah et al. 2017) . Our study aimed to extend previous findings by: (1) characterizing the circulating small RNA changes to an effective form of short-term, vigorous exercise training -sprint interval training (SIT) -and measuring them in context with the improvement to cardiorespiratory fitness and cycling performance; (2) determining the effect of short-term SIT on the circulating miRNome; and (3) establishing whether miRNAs differentially regulated by chronic SIT were modulated by a single session of SIT.
Materials and Methods

Participants
The study procedures and training methods have been outlined elsewhere (Denham et al. 2017a,b) . For the 6-week training study, ten untrained individuals were recruited and completed SIT, three times a week on cycle ergometers. The apparently healthy men were recreationally active but were not currently engaged in any structured aerobic exercise training. Subjects completed 4-6 maximal efforts with 4 min recovery between sets. Subject characteristics are outlined in Table 1 four maximal 30-sec sprints on a cycle ergometer as described previously (Denham et al. 2017a ). These subjects donated a fasted blood sample before and 30 min after their fourth sprint effort. All subjects were apparently healthy according to the Exercise and Sports Science Australia (ESSA) prescreening tool and medical questionnaires. All subjects gave written informed consent and the study was approved by the University of New England's Human Research Ethics Committee (Approval number: HE15-294). 
Small RNA sequencing
Total RNA was extracted from whole blood samples using the miRVana miRNA Mini Kit (Thermofisher Scientific, Australia). One mL of blood was treated with 5 volumes of the erythrocyte lysis buffer (buffer EL, Qiagen, Australia) and spun at 2700 rpm for 10 min. Whole blood cells were pelleted, resuspended in 2 volumes of buffer EL and centrifuged a second time. RNA was then extracted using the miRVana miRNA Mini Kit (Thermofisher Scientific, Australia), following the manufacturer's guidelines. The analysis of whole blood RNA enabled the quantitation of small RNAs in the extracellular fluid, erythrocytes and leukocytes. Small RNA was sequenced with the assistance of the Australian Genome Research Facility (AGRF), Melbourne, Australia. As a quality control (QC), RNA purity and integrity were analyzed using the RNA 6000 Pico and the Bioanalyzer small RNA kits. All samples passed QC and demonstrated excellent purity with average (AESD) RNA integrity numbers (RIN) and rRNA ratios of 9.89 AE 0.25 and 1.53 AE 0.33, respectively). The NEB's NEBNext Multiplex Small RNA Library Pre-Set was used to prepare small RNA libraries to target mature miRNAs and other small RNAs that possess a 3 0 OH group. After 3 0 and 5 0 adapter ligation and reverse transcription primer annealing, cDNA was synthesized, PCR amplified with indexed primers and purified from gels using the Pippin Prep system. Library size was assessed via electrophoresis using the Agilent TapeStation TapeScreen DNA 1000 Assay and quantified by quantitative PCR (qPCR) using the KAPA Library Quantification Kits (Illumina). The libraries were normalized to 2 nmol L -1 and pooled for sequencing on the HiSeq 2500 with 50 bp single reads. Per base sequence quality for the 20 samples (n = 10 before and after SIT) was excellent with >96% bases above Q30 across all samples. Reads were screened for the presence of any Illumina and NEB adapter or overrepresented sequences and crossspecies contamination, as per the AGRF QC measures. Sequence adapters were cleaned and reads were retained for processing. Similar reads were collapsed and their counts were recorded.
Bioinformatics
The raw RNA sequencing counts were imported into R (version 3.4.0) and Bioconductor packages (Huber et al. 2015) were used to perform sample diagnostics and the differential expression analysis (Ritchie et al. 2015) . Small RNA annotation was undertaken using the Unitas software (Gebert et al. 2017) . Normalization factors were calculated to scale the raw library sizes and a common negative binomial dispersion parameter estimated using the Bioconductor package edgeR (Robinson et al. 2010; McCarthy et al. 2012 ) and normalized using RUVSeq (Risso et al. 2014) , which reduces the variability in an unbiased manner by estimating variation by residuals. MiRNA target pathways were identified using the miRPathDB (Backes et al. 2017) . The miRNA expression differences between paired samples were presented as log fold change. A false discovery rate (FDR) was applied to prevent inflated type 1 error -P-values were BenjaminiHotchberg corrected to generate q-values.
MicroRNA validation by quantitative PCR
Approximately, 100 ng of RNA was reverse transcribed using the MicroRNA Reverse Transcription Kit (ThermoFisher Scientific, Australia) with miRNA-specific TaqMan assays for hsa-miR-1301-3p, hsa-miR-769-5p, hsa-miR-423-5p, hsa-miR-451a, hsa-miR-493-3p, hsa-miR-370-3p, and U6 snRNA (Assay ID: 002827, 001998, 002340, 001141, 002364, 002275 and 001973, respectively). Experimental procedures and thermos-cycling conditions were described previously (Denham et al. 2017a ). Relative miRNA abundance was calculated using the 2 -delta-delta Ct method and expressed as fold change. All intra-assay coefficient of variations for miRNAs were, on average, <1%.
Statistical analyses
Subject characteristics and small ncRNA abundance before and after the SIT intervention (two-tailed paired samples t-tests or Wilcoxon signed-rank tests) were assessed using IBM SPSS Statistics for Mac (IBM Corp., USA). Two-tailed independent samples t-tests were used to explore differences in individuals with increases in miRNAs after acute SIT compared to those with decreases. Statistical significance was set at P < 0.05. (P mean ) and 30-sec peak power (P peak ), they were not statistically significant (both P > 0.05, Table 1 ).
Results
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Sprint interval training regulates circulating small RNAs
All RNA samples passed QC and were successfully sequenced. A number of 2066 small ncRNAs were detected in whole blood samples of healthy men (n = 10). Of these, 1266 were influenced by 6 weeks of SIT (q < 0.05, Fig. 1A ). Four hundred and thirty-two (log FC:.19-3.62) and 834 were up and downregulated (À0.9 to À2.30), respectively (q < 0.05). The most statistically significant small ncRNAs altered by SIT are presented in Table 2 (q < 0.01). Table 3 displays the small ncRNAs with the largest magnitude of change after 6 weeks of SIT (q < 0.05).
MicroRNA changes after 6 weeks of sprint interval training
Of the 211 miRNAs altered by SIT, 77 were increased (log fold change: .18-2.26) and 134 were decreased (À0.35 to À2.82, all P < 0.05). After applying an FDR, 13 miRNAs were significantly altered by SIT (all q < 0.05, Fig. 1B ). Of these, one increased and 12 decreased after SIT (Fig. 1B) . According to the miRmine database, 12 of the 13 miRNAs altered by SIT were ubiquitously expressed among 15 different tissues (range: 8-15) (Panwar et al. 2017 ). MiR-4435 was only detectable in plasma (Panwar et al. 2017) . Six miRNAs that were statistically significant or borderline statistically significant after FDR that had mRNA targets implicated in exercise signaling pathways were technically validated by qPCR. Quantitative PCR confirmed that miR-1301-3p, miR-769-5p, and miR-451a were altered after 6 weeks of SIT (all P ≤ 0.05 Fig. 1C) , and miR-423-5p approached borderline statistical significance (P = 0.07). We also found miR-493-3p and miR-370-3p were decreased after SIT (both P ≤ 0.05, Fig. 1C ). Using the miRPathDB database (Backes et al. 2017) , an analysis of miRNAs implicated in biological and disease pathways was performed on the 13 miRNAs altered after SIT (q < 0.05). Experimental evidence suggested that two or more miRNAs were implicated in diverse pathways including cell cycle, thyroid hormoneand p53 signaling, and miRNAs in cancer (Fig. 1D ).
MicroRNA abundance after acute sprint interval training
No consistent miRNA changes were observed 30-min after acute SIT, due to the large interindividual variation in responses (n = 24, all P > 0.05, Fig. 1E ). The fold change in miR-1301-3p after acute SIT was negatively correlated to age (r = À0.45, P = 0.03, Fig. 1F ). Those with a decrease (FC < 1.0) in miR-1301-3p after SIT were younger compared to those with increased (FC > 1.0) miR-1301-3p (n = 13, 40.69 AE 11.93 years vs. n = 11, 29.73 AE 8.67 years, P = 0.02). No other statistically significant differences were observed between those who decreased versus those who increased miR-1301-3p after acute SIT (all P > 0.05). Using the miRWalk database, we identified predicted mRNA targets of miR-1301-3p and submitted them to DAVID for functional annotation analysis. The predicted mRNA targets of miR-1301-3p were enriched for alternative splicing, phosphoprotein, and chromosomal rearrangement processes (all P < 0.001).
Discussion
Small ncRNAs have emerged as modulators of gene expression through controlling epigenetic modifications and interactions with mRNAs (splicing, processing, and destabilizing). Specific non-coding RNAs, such as miRNAs, are implicated in exercise adaptations and circulating miRNAs could eventually serve as biomarkers of exercise adaptations and utilized for the development of personalized exercise prescription, or developed into Figure 1 . Small non-coding RNA changes after sprint interval training in humans. (A) A scatterplot of small non-coding RNA (ncRNA) changes after 6 weeks of sprint interval training (SIT) in 10 healthy men. The average log counts per million (CPM) and log fold change are on the x and y axis, respectively. While red indicates small ncRNAs increased after SIT, those decreased are displayed in blue (n = 1266, q < 0.05). (B) MicroRNA changes after 6 weeks of sprint interval training (SIT). After applying a false discovery rate correction, the abundance of 13 miRNAs were altered by SIT (n = 10, q < 0.05). (C) MicroRNA abundance validation by quantitative PCR. Six miRNAs that were modulated by SIT were experimentally validated by qPCR. All miRNAs were significantly decreased after SIT (n = 8-10, all P ≤ 0.05), except for hsa-miR-423-5p which approached statistical significance (P = 0.07). Data are from Wilcoxon signed-rank tests and are displayed as mean AE SEM. (D) MicroRNA pathway analysis. Pathways modulated by miRNAs were identified using the miRPathDB (Backes et al. 2017) . A heat map of pathways targeted by at least two miRNAs (of the 13 influenced by SIT, q < 0.05), as indicated by experimental evidence are displayed. (E) MicroRNA changes 30 min after a single session of SIT. No consistent changes were observed in the four miRNAs after acute SIT (n = 24, all P > 0.05). (F) Linear relationship between age and the acute SIT-induced change to miR-1301-3p (n = 24, r = À0.46, P = 0.02). Individuals with a decrease in miR-1301-3p after SIT were, on average, 11 y older than those with an increase after acute SIT (40.7 AE 11.9 years vs. 29.7 AE 8.7 years, respectively, P = 0.02). Data were from Pearson's correlation and independent samples t-tests. *P ≤ 0.05. novel RNA-based therapies for the treatment of cardiometabolic disease (Kirby and McCarthy 2013; Polakovicova et al. 2016; Safdar et al. 2016; Denham 2017) . Using small RNA sequencing and SIT as a potent form of exercise training to elicit significant improvements in _ VO 2max and cycling performance, we performed the first comprehensive analysis of the circulating small non-coding RNA changes to short-term exercise training. MicroRNAs in plasma (Nielsen et al. 2014; Van Craenenbroeck et al. 2015; Zhang et al. 2017) , skeletal muscle (Rowlands et al. 2014 ) and whole blood (Hecksteden et al. 2016 ) are malleable to training interventions in various cohorts of healthy, athletic, or diseased humans. To date, only one investigation has assessed the whole blood miRNome response to a 6-day training intervention in athletes (strength and endurance) (Hecksteden et al. 2016) . The previous investigation explored miRNA changes to physical fatigue and did not analyze the miRNome changes in context with adaptations to exercise (Hecksteden et al. 2016) . Moreover, it is likely that miRNome response to exercise would be different between athletic and untrained individuals. Whether other small ncRNAs are vital for controlling exercise adaptations is relatively unknown. Recently, the acute exercise-induced changes to small ncRNAs in plasma were revealed (Shah et al. 2017) . As the acute effects of exercise are typically proinflammatory and required for adaptation, the many health benefits gained from regular exercise occur over long-term with training. Therefore, the purpose of our study was to explore the effect of a short-term sprint interval training (SIT) intervention on small ncRNAs in whole blood samples from healthy, untrained men. Consistent with the effects of acute exercise (Shah et al. 2017) , chronic exercise training resulted in marked changes to circulating small ncRNA abundance in a diverse RNA species. Although only 13 miRNAs were regulated by SIT after applying an FDR (q < 0.05), many ncRNAs were differentially expressed (n = 1266, q < 0.05). The precise biological roles of each species of small ncRNAs are beginning to be elucidated. Small ncRNAs, however, seem to regulate gene expression and protein content through various mechanisms. For instance, lincRNA-EPS is an immunoregulatory lincRNA that negatively regulates the inflammatory responses in immune cells through interactions with chromatin and nucleosome repositioning (Atianand et al. 2016) . Mitochondrial transfer RNAs (mt tRNAs) are transcribed by mitochondrial DNA for the translation of mitochondrial proteins and mutations in mt tRNA genes are linked to mitochondrial dysfunction (Suzuki et al. 2011 (MartensUzunova et al. 2013) . Importantly, our novel findings of the diverse ncRNAs species modulated by chronic training in whole blood samples suggest small ncRNAs (e.g., antisense RNAs, tRNAs, lincRNAs, mt tRNAs, snoRNAs, miscRNAs, and tRFs) other than miRNAs may regulate exercise-induced adaptations.
It has become clear that exercise is a powerful lifestyle strategy capable of reprogramming the epigenome through modifications to DNA methylation, histone proteins, and microRNAs (Denham 2017) . We previously found four miRNAs important for muscle development were reduced in whole blood samples after 6 weeks of SIT (Denham et al. 2017a ). Here, we extended our previous findings by using small RNA sequencing and revealed the global changes in diverse species of small ncRNAs isolated from whole blood after SIT, including 13 miRNAs after FDR-correction. The miRNAs were not consistently regulated by acute exercise, possibly due to large interindividual responses. Most of the miRNA changes observed after SIT were ubiquitously expressed throughout the body, which could suggest systemic epigenetic reprogramming of miRNA genes. Indeed, miRNA genes are vulnerable to DNA methylation changes caused by SIT (Denham et al. 2015) . Whether the systemic epigenetic reprogramming of tissue transcriptomes involves miRNAs and other small ncRNAs deserves attention.
Previous studies have found changes in specific circulating miRNAs after acute vigorous aerobic exercise (Radom-Aizik et al. 2012; Cui et al. 2016; Kilian et al. 2016; Wahl et al. 2016 ) and longer exercise training interventions (Taurino et al. 2010; Van Craenenbroeck et al. 2015) . Some miRNAs modulated after acute interval training in PBMCs were influenced by the short-term vigorous exercise training in our study (e.g., miR-320, miR-486-5p, let-7 family members) (Radom-Aizik et al. 2012) . MiR-486 is a muscle-enriched miRNA that targets PTEN and controls the PI3K signaling pathway (Small et al. 2010) . Endurance athletes possess higher whole blood miR-486-5p compared to healthy controls and miR-486-5p is correlated to _ VO 2max (Denham and Prestes 2016) . Here, miR-486-3p was the most statistically significantly reduced miRNA in individuals with _ VO 2max improvements to SIT. Twelve weeks of endurance training altered the abundance of eight miRNAs isolated from plasma and a further four were borderline statistically significant after Bonferroni adjustment in seven individuals (Nielsen et al. 2014) . Similar to the previous findings of miRNA changes in plasma after 12 weeks of endurance exercise (Nielsen et al. 2014) , let-7d, miR-186 and miR-766 were also reduced after 6 weeks of SIT in our study. Others that were decreased after short-term SIT in our study were increased in plasma samples from individuals after acute maximal aerobic exercise (miR-185-5p, miR-769-5p and miR-423-3p) (Shah et al. 2017) . Two of the three miRNAs (miR-185-5p and miR-423-3p) targeted pathways such as viral carcinogenesis, cell cycle, p53 signaling, and microRNAs in cancer. It is also interesting to note that some of the top miRNAs (miR-423, miR-320a, miR-185, let-7 family members) regulated by SIT are the most abundant miRNAs in human mitochondria and could control mitochondrial biogenesis and oxidative signaling pathways (Sripada et al. 2012) . Thus, future work should explore how the exercise-induced changes in circulating small ncRNAs regulate signaling pathways and what effects these have for disease prevention and exercise adaptations. Small ncRNAs could be responsible for finetuning transcriptional profiles between tissues (Turchinovich et al. 2013; Guay and Regazzi 2017) . While the fate of circulating miRNAs is unclear, they are stable and transportable in plasma. Therefore, it will be important to determine the biological functions of circulating miRNAs modulated by exercise, as they could eventually be developed into RNA-based therapies to combat cardiometabolic disease.
There were some limitations to our study. We only included a modest number of men in the 6-week SIT intervention (n = 10). While the sample size raises concerns on statistical power, we used a conservative FDRcorrection on P-values to provide q-values and prevent the inflation of type 1 error. Larger studies could uncover more consistent changes in additional miRNAs and should investigate their responses in context with lowand high-responders to particular exercise interventions. stress, sleep patterns, and anxiety were not monitored throughout the intervention period and could also have influenced the findings, though we have no reason to expect such lifestyle perturbations. A control group was not included in our study and would be necessary to account for normal temporal effects on small ncRNAs in future exercise training interventions. Finally, we cannot account for the mechanisms leading to changes in small ncRNAs and their biological functions. While the ncRNAs could serve as a molecular signature to monitor exercise training and predict responses in humans, their utility as biomarkers requires further investigation.
In conclusion, we uncovered diverse changes to circulating small ncRNAs isolated from whole blood after a 6-week SIT intervention. We provide the first evidence that chronic exercise modulates many species of circulating small ncRNAs in humans, emphasizing the profound effect exercise has epigenetic regulation of gene expression. The ubiquitously expressed miRNAs modulated by chronic SIT raise the possibility of systemic reprogramming caused by exercise. Although the roles of the circulating small ncRNAs are only beginning to be elucidated, our data suggest ncRNAs could underpin some of the adaptations to exercise training.
